ABSTRACT Genetic and cytogenetic information is an essential basis for understanding the biology of insect pests, as well as for designing modern control strategies. The walnut husk ßy, Rhagoletis completa (Cresson) (Diptera: Tephritidae), is an important pest of walnuts (Juglans spp.) in North America and has invaded Europe in the early 1990s. Studies on the genetics and cytogenetics of R. completa are scarce. The mitotic karyotype and detailed photographic maps of the salivary gland polytene chromosomes of this pest species are presented here. The mitotic metaphase complement consists of six pairs of chromosomes, the sex chromosomes being very small and similar in size. The analysis of the salivary gland polytene complement shows a total number of Þve long chromosomes (10 polytene arms) that correspond to the Þve autosomes of the mitotic nuclei and a heterochromatic mass corresponding to the sex chromosomes. The banding pattern as well as the most characteristic features and prominent landmarks of each polytene chromosome are presented and discussed.
greatly facilitated by the existence of polytene chromosomes, which have proven to be excellent experimental material for studying chromosome structure and function, temporal gene activity and genomic organization as reviewed by Zhimulev et al. (2004) . They also are used as an excellent tool to assess phylogenetic relationships among closely related species or to distinguish members of a species-complex group. Moreover, they provide a means for the construction of detailed genetic-cytogenetic maps through accurate mapping and precise localization of genes or any DNA sequence by in situ hybridization (Pardue and Gall 1975) . Polytene chromosome maps of Ͼ270 drosophilid species and Ϸ250 other dipteran species are available.
The walnut husk ßy, Rhagoletis completa (Cresson) (Diptera: Tephritidae), is indigenous to North America and has recently invaded Europe. It was Þrst detected in Europe in 1991 in Switzerland and has spread to northern and central Italy, southern Germany, Slovenia, and Croatia (Bjelis et al. 2008 , EPPO 2009 ). It attacks several species of walnuts (Juglans), causing signiÞcant damage to mid-and late-maturing varieties (Duso and Dal Lago 2006, EPPO 2009 ). The female oviposits usually a single batch of eggs into the walnut mesocarp. Feeding activity of the larvae destroys the fruit, causing extensive fruit drop in Juglans regia L. (Duso and Dal Lago 2006) . It is considered a rather stenophagous, univoltine species, overwintering as diapausing pupae in the soil (Chen et al. 2006) . Adults emerge the subsequent year from pupae in midsummer (both in North America and Europe), and they can be detected by traps until September AliNiazee 1995, 1996; Yokoyama and Miller 1996; Duso and Dal Lago 2006; K.K., unpublished data) . Despite its importance, the genetics and cytogenetics of the walnut husk ßy remain largely unknown.
In a recent publication, the analysis of polytene chromosomes of four natural populations of Rhagoletis cerasi L., a closely related species of R. completa, showed an unusual asynapsis of homologous pairs of polytene chromosomes at certain regions of the polytene elements. R. cerasi populations were found to be infected with the endosymbiotic bacterium Wolbachia by Kounatidis et al. (2008) , who suggested that Wolbachia infections may be associated with the observed phenomenon of asynapsis. This prompted us to determine in the current study, in addition to the mitotic karyotype and detailed photographic maps of salivary gland polytene chromosomes of R. completa, also the Wolbachia infection status.
Materials and Methods
Flies. R. completa larvae and pupae used here were obtained from Þeld-infested walnuts, collected in Schwetzingen in southern Germany (49.38Њ N, 8 .58Њ E). Fruit were kept in plastic boxes with a grid bottom to allow emigration of third instars underneath the boxes. Mature larvae and young pupae (1Ð2 d old) were collected and transferred to the laboratory for preparations.
Mitotic Chromosome Preparations. Spread chromosome preparations were made from nerve ganglia of third instars and young pupae following the method of Frydrychova and Marec (2002) . Brain tissue was dissected in RingerÕs solution. The material was transferred to a hypotonic solution (0.075 M KCl) for 15 min and Þxed for 15 min in freshly prepared CarnoyÕs Þxative (ethanol:chloroform:acetic acid, 6:3:1). Samples were transferred to a small drop of 60% acetic acid and macerated by moving the material in and out of a micropipette tip several times. Finally, the material was transferred onto a clean slide and placed on a warm hot-plate (40 Ð 45ЊC) for drying. Chromosomes were stained in 5% Giemsa in 0.01 M phosphate buffer. The technique described by Selivon and Perondini (1997) was used for C-banding.
Polytene Chromosome Preparations. Polytene chromosome preparations from salivary glands of third instars and pupae (1Ð2 d old) were made following the methods of Mavragani-Tsipidou et al. (1992) and Zambetaki et al. (1995) , with some modiÞcations. Larvae and pupae were dissected in RingerÕs solution. The salivary glands were transferred to 45% acetic acid for 2Ð3 min and postÞxed in 1 M HCl for 2 min. The material was stained in lactoacetic orcein for 10 Ð20 min. Excess stain was removed by washing the material in a drop of lactoacetic acid before squashing. For best chromosome preparations, each salivary gland was cut in three pieces, and each piece was used for one preparation.
Construction of Photographic Chromosome Maps. Selected photographs were taken with 100ϫ using a computer controlled Nikon (Tokyo, Japan) phase contrast microscope (Eclipse 80i) and processed with Photoshop (CS2) (Adobe Systems, Mountain View, CA).
Determination of Wolbachia pipientis (Hertig) Infection Status. DNA was extracted using a QIAamp DNA mini kit (QIAGEN GmbH, Hilden, Germany). W. pipientis infection status (Wolbachia for the purpose of this study) was determined by polymerase chain reaction (PCR) by using the 16S rDNA Wolbachia-speciÞc primers, 99F and 994R, and the wsp primers, 81F and 691R, which yield products of Ϸ900 bp (OÕNeill et al. 1992 ) and 600 bp, respectively (Braig et al. 1998 . To test the quality of the DNA template, PCR control reactions using the mitochondrial 12S rDNA gene primers 12SCRF and 12SCRR (Lehman et al. 1995 ) also were performed. One microliter (of a total of 50 l) of extract was used as a template for PCR. All PCR reactions included 2.5 mM MgCl 2 , all four dNTPs (each at 250 M), 0.5 M of each primer, 1 U of TaqDNA-polymerase (Promega, Madison, WI) and buffer supplied by the manufacturer in a Þnal volume of 25 l. An initial denaturation step at 94ЊC for 5 min was followed by 35 cycles of denaturation at 94ЊC for 1 min, annealing at 55ЊC for 1 min and extension at 72ЊC for 1 min, and a Þnal extension at 72ЊC for 10 min. PCR products were visualized on 1.2% agarose gels stained with ethidium bromide.
Results
Mitotic Chromosomes. The mitotic metaphase complement of R. completa consists of six pairs of chromosomes: Þve submetacentric and one very small dot-like pair (Fig. 1aÐ c) . The two larger pairs of the submetacentic chromosomes are almost equal in length, as is the case with the three smaller pairs. No prominent difference was observed in the mitotic complements of the 20 pupae analyzed, making the discrimination of male and female individuals difÞcult. However, a slight difference in size and in brightness of the dot-like chromosomes was observed in several preparations (Fig. 1aÐ c) . This difference was more obvious using the C-banding technique (Fig. 1c) . Thus, we propose that the dot chromosomes correspond to the sex chromosomes of R. completa: the two identical in size and brightness dot chromosomes representing the homogametic sex (XX) (Fig. 1a) , whereas the more heterochromatic one corresponding to the Y chromosome ( Fig. 1b and c) . Following the labeling system used by Radu et al. (1975) for the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann), the sex chromosomes are labeled as the Þrst pair of the mitotic karyotype, whereas the Þve autosomes are named from 2 to 6 in order of descending size. Somatic pairing of the homologous autosomes was detected in R. completa mitotic complement (Fig. 1aÐ c) .
Polytene Chromosomes. The best quality of polytene chromosomes of the R. completa salivary glands was obtained when young pupae (1Ð2 d old) were used for preparations instead of larvae. The ßuctua-tions of the chromosome polytenization among the nuclei of the same individual were extremely high. The best analysis of the polytene complement was obtained by using the largest nuclei of each preparation with well-spread chromosomes.
The analysis of the salivary gland polytene chromosomes showed that the R. completa polytene complement consists of a total of Þve long chromosomes (10 polytene arms). No prominent difference was found in the polytene complements of Ͼ50 pupae used, indicating that the Þve polytene elements correspond to the Þve autosomes of the mitotic nuclei. No typical chromocenter as accumulation of heterochromatin exists; this results in separation of the individual chromosomes. Each individual chromosome is easily identiÞed by its characteristic centromeric heterochromatic mass (Fig. 2aÐf) . A heterochromatic network (Fig. 3aÐ d) , found in all polytene nuclei of R. completa individuals, may represent the underreplicated sex chromosomes. This network has a structure different from that of the heterochromatic centromeric regions (Figs. 2aÐf and 3a-d) .
The photographic chromosome maps of R. completa polytene complement are given in Figs. 4, 5, and 7Ð9. Chromosomes were numbered from I-V and divided into sections from 1 to 100. In each polytene chromosome, the longer arm is designated as left (L) and the shorter arm as right (R). This labeling is arbitrary, indicating only the relative size of chromosomes and does not imply any correlation to the mitotic complement. A brief account of the characteristics and prominent landmarks of each chromosome is given below.
Chromosome I (sections 1-23). Chromosome I is the longest chromosome of the polytene complement, with the right arm being approximately half the length of the left arm (Fig. 4) . One of its characteristic landmarks is the compact mass of the centromeric area (Fig. 2a) . Although the free end of the IL arm is not easily recognized because of its poor banding pattern, the rest of this arm is characterized by a clear banding pattern. Prominent landmarks of this arm are the regions four and Þve and the double dark bands at the end of region 7 and in the middle of regions 11 and 14. The right arm is easily recognized due to its very characteristic free end (region 23) as well as by regions 19 and 20. Each of them consists of three successive bands followed by a prominent puff.
Chromosome . This chromosome is the most distinctive of the polytene complement, because of the characteristic tips and the clear banding pattern (Fig. 5) . The IIL free end is characterized by the widened region 24 followed by two successive dark bands. However, in some preparations, the two telomeric bands of this region were slightly differentiated changing the appearance of the tip (Fig. 6aÐ c) . Additional characteristics of this arm are the successive bands in region 25 and part of region 26, as well as the prominent puff in region 27. The right arm is easily recognized by its characteristic tip. This tip frequently shows two ring-like dark bands (toroids) (Fig. 6d and e ). An additional landmark of this arm is region 39. This region was found frequently in a paired condition (Fig. 5) , which constitutes evidence for the existence of inverted tandem duplication. Chromosome II also is characterized by a small heterochromatic centromeric region (Fig. 2b) .
Chromosome . Chromosome III is almost the same size as chromosome II (Fig. 7) . Its centromeric region is easily distinguished by its compact structure (Fig. 2c) . The left arm is easily recognized by its characteristic telomeric regions 45 and 46 as well as a puff at region 54, which is ßanked by a pair of dark bands. The right arm is identiÞed by its ßared free end (region 64) and regions 60 and 61. These regions have a faint banding pattern and were frequently found in a paired condition. Regions 58 and 59 also were found in a paired condition (Fig. 7) .
Chromosome IV (sections 65-83) . It is the only chromosome that seems to have almost equal polytene arms (Fig. 8) . The left end is characterized by a narrow tip followed by a large puff (regions 65 and 66). The narrow tip very often seems to be broken off the chromosome ( Fig. 6f and g ). The right arm is easily identiÞed by its characteristic ßared free end followed by many thin dark bands (regions 82 and 83) ( Fig. 6h and i). Region 76 was often found in a paired condition (Fig. 8) . The heterochromatic centromeric mass of this chromosome is large ( Fig. 2d and e) . In most nuclei, only one of the arms (IVR) is connected with this structure (Fig. 2e) , and in a few nuclei it was found to be joined with both arms (Fig. 2d) .
Chromosome V (sections 84 -100). Chromosome V is the most "difÞcult" chromosome of the entire set (Fig. 9 ). This is due to the large amount of heterochromatin in the centromeric area (Fig. 2f) , the poor banding pattern and mainly the tight coiling and twisting of the chromosome arms. The general appearance of this chromosome is a compact mass containing the heterochromatic centromeric area and the chromosome arms. The map of this chromosome was constructed from a very few nuclei.
Is the Intracellular Symbiont Wolbachia Present in R. completa? Using speciÞc PCR assays based on the 16S rRNA and wsp genes, the Wolbachia infection status of the R. completa strain used in the current study was investigated. No evidence for the presence of Wolbachia was observed (data not shown).
Discussion
The total number of chromosomes found in the R. completa mitotic metaphase complement (2n ϭ 12) (Fig. 1aÐ c) is consistent with the modal number of chromosome pairs of most of the Tephritidae species. C. capitata (Bedo 1986 , Zacharopoulou 1987 , Dacus cucurbitae (Coquillett) (Singh and Gupta 1984) , and many species of the genera Bactrocera (MavraganiTsipidou et al. 1992; Hunwattanakul and Baimai 1994; Baimai et al. 1995 Baimai et al. , 1996 Baimai et al. , 2000 Zhao et al. 1998; Shahjahan and Yesmin 2002) and Anastrepha (Selivon and Perondini 1997 , Cevallos and Nation 2004 , Selivon et al. 2005 , GarciaÐMartinez et al. 2009 ) show a similar number of mitotic chromosomes. In most Rhagoletis species, such as Rhagoletis berberidis (Jermy), Rhagoletis nova (Schiner), Rhagoletis conversa (Brethes), Rhagoletis brncici (Frias) and R. cerasi (Bush and Boller 1977 , Frias 2002 , Kounatidis et al. 2008 ) the number of chromosomes is 2n ϭ 12. However, Rhagoletis meigenii (Loew) shows a different number (2n ϭ 8ϩX), as reported by Bush and Boller (1977) .
In most of the above-mentioned tephritids, the sex chromosomes are easily identiÞed based on the heteromorphic X and Y chromosomes. However, in R. cerasi and R. pomonella (Walsh), the sex chromosomes X and Y were found to be very similar in length (Procunier and Smith 1993, Kounatidis et al. 2008 ). In the R. completa mitotic complement, no prominent difference in the length of any of the six pairs of chromosomes was observed. Because the sex of the larvae and pupae of the species could not be distinguished, the discrimination of female and male karyotypes becomes difÞcult. Taking into account that a number of taxa in Rhagoletis are male heterogametic (Berlocher 1984, McPheron and Berlocher 1985) and based on 1) the slight difference in the brightness of the dot like chromosomes observed in the different preparations ( Fig. 1aÐ c) ; 2) the existence of Þve long banded chromosomes in the polytene complement (Figs. 4, 5, 7Ð9) ; and 3) the small amount of heterochromatic mass found in all polytene nuclei of R. completa individuals (Fig. 3aÐ d) , which most likely represents the underreplicated X and Y chromosomes, we propose that the two dot-like chromosomes correspond to the R. completa sex chromosomes (Fig.  1aÐ c) . Although a dot-shaped appearance of the sex chromosomes has not been reported for any Rhagoletis species, it was found in species of the genus Bactrocera, namely, Bactrocera rubella (Hardy) and Bactrocera diversa (Coquillett) (Baimai et al. 1996) . The proposed characterization of the R. completa sexchromosomes also is supported by the somatic pairing of the Þve large pairs of submetracentric chromosomes observed in all walnut husk ßy preparations (Fig. 1aÐ c) . The somatic pairing of homologous metaphase chromosomes is characteristic of Diptera (Metz 1916 , Frias 2002 , Kounatidis et al. 2008 . Although in most organisms the chromosomes tend to be evenly distributed over the plate at metaphase, in Diptera the homologous chromosomes tend to adjoin each other. The observed somatic pairing of the Þve large pairs of chromosomes in R. completa suggests that they represent the Þve homologous autosomes. However, more cytogenetic and molecular studies are needed to evaluate this tentative conclusion.
In the R. completa polytene complement, no typical chromocenter, like that of Drosophila melanogaster (Meigen), exists. This is also the case for several other tephritids (Foster et al. 1980; Bedo 1986; Zacharopoulou 1987 Zacharopoulou , 1990 Mavragani-Tsipidou et al. 1992; Zhao et al. 1998; Shahjahan and Yesmin 2002; Kounatidis et al. 2008) . However, the centromeric regions of the R. completa chromosomes are easily identiÞed because of the different amount and nature of the heterochromatic centromeric masses being a prominent landmark of each individual chromosome (Fig. 2aÐf) . The smaller centromeric mass belongs to chromosome II (Fig. 2b) , followed by those of I and III (Fig. 2a and  c) . Even though the latter chromosomes have almost equal amounts of centromeric mass, the centromeric region of chromosome III has a characteristic compact appearance (Fig. 2c) . Chromosomes IV and V are characterized by large heterochromatic centromeric masses. In many nuclei, one or both arms of the chromosomes are detached from the centromeric mass, making the analysis of the preparations difÞcult (Fig.  2e) . Characteristic centromeric masses, which were identifying landmarks of each polytene chromosome, also found in Bactrocera oleae (Gmelin), Bactrocera tryoni (Froggatt), and R. cerasi (Mavragani-Tsipidou et al. 1992 , Zhao et al. 1998 , Kounatidis et al. 2008 .
Our results show that the polytene complement of R. completa consists of a total of Þve long banded chromosomes (10 polytene arms) (Figs. 4, 5, 7Ð9 ) that correspond to the Þve submetacentric autosomes of the mitotic nuclei (Figs. 1 and 4, 5, 7Ð9) . No banded sex chromosomes were identiÞed. This observation is consistent with previous reports on C. capitata (Bedo 1986 (Bedo , 1987 Zacharopoulou 1987 Zacharopoulou , 1990 , B. oleae (Mavragani-Tsipidou et al. 1992 , Zambetaki et al. 1995 , B. tryoni (Zhao et al. 1998) , Bactrocera cucurbitae (Coquillett) (Shahjahan and Yesmin 2002) and R. cerasi (Kounatidis et al. 2008) , and on the calliphorids Lucillia cuprina (Wiedemann) (Childress 1969 , Foster et al. 1980 , Bedo 1982 and Chrysomya bezziana (Villeneuve) (Bedo 1992) . The heterochromatic network found in all polytene nuclei of R. completa individuals (Fig. 3aÐ d) may represent the underreplicated XX and XY sex chromosomes. In agreement with the equal size of the sex chromosomes found in the mitotic complement (Fig. 1aÐ c) , no obvious difference in size and density of this mass was detected between different R. completa individuals (Fig. 3aÐ d) . This mass was found in a more or less dispersed form in the different nuclei ( Fig. 3b and c) . The correspondence of the heterochromatic network of the polytene nuclei to the sex chromosomes of the mitotic complement is proposed for other Diptera as well (Childress 1969; Bedo 1982 Bedo , 1987 Bedo and Zacharopoulou 1988; Mavragani-Tsipidou et al. 1992; Shahjahan and Yesmin 2002; Kounatidis et al. 2008) . However, further analysis is needed for all Tephritidae species to establish correlations between the two sets of chromosomal elements (mitotic and polytene) and to provide information on the fate of the sex chromosomes of the mitotic complement.
Four inverted tandem duplications were detected in a paired condition in the R. completa chromosome arms IIR, IIIR, and IVR (Figs. 5 and 7Ð 8) . The fact that these duplications were found to be Þxed (i.e., homozygous) in the R. completa genome supports the concept of a relatively old origin of these structures (Kastritsis et al. 1986 ). Such duplications also were found in B. oleae (Mavragani-Tsipidou et al. 1992 , Zambetaki et al. 1995 , Culex pipiens L. (Zambetaki et al. 1998) , R. cerasi (Kounatidis et al. 2008) , and many Drosophila species (Kastritsis et al. 1986; MavraganiTsipidou et al. 1990 MavraganiTsipidou et al. , 1994 . In general, Þxed duplications in the genome, regardless of their origin, may be important chromosomal aberrations from an evolutionary standpoint (Ohno 1970 , Kastritsis et al. 1986 ).
In a previous study on the polytene chromosomes of R. cerasi (Kounatidis et al. 2008) , unusual asynapsis was detected in several regions of most polytene chromosome arms. The four natural populations of R. cerasi studied were found to be infected with the endosymbiotic bacterium W. pipientis (Kounatidis et al. 2008) . Based on the evidence that: 1) Wolbachia DNA insertions are present in the genomes of many insect species (Hotopp et al. 2007) ; and 2) similar asynaptic phenomena were observed in the polytene chromosomes of Cx. pipiens where Wolbachia gene transfer events also were documented (Zambetaki et al. 1998 , Fig. 9 . Photographic map of salivary gland polytene chromosome V of R. completa. L and R indicate the left and right arms of the chromosome, respectively; and C, centromere. Scale bar ϭ 10 m. Hotopp et al. 2007 ), Kounatidis et al. (2008) speculated that the asynaptic phenomena observed may be associated with possible gene transfer events between Wolbachia and R. cerasi. The above-mentioned hypothesis is supported by the results of the current study, because in R. completa neither asynaptic phenomena in the polytene complement were observed nor was Wolbachia infection evident by PCR assays.
This report is a part of our ongoing cytogenetic and molecular genetic studies on Tephritidae, the most agriculturally important family of ßies. The goal is to ultimately provide the necessary comparative framework on the genetic structure of these species that may lead to the development of an environmentally friendly control strategy.
